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CHAPTER I 
 
Electrochemistry of His-tagged photosystem II covalently attached to a modified gold 
electrode 
 
Abstract 
 
 For the first time direct electrochemistry was performed on His-tagged PSII from 
Synechocystis using a controlled orientation on a gold surface. Typical oxidative signals 
were positioned at 0.462 V and reductive signals at 0.363 V. The peak height versus scan 
rate relationship was found to be linear, indicating adsorption. It was found that high scan 
potentials up to 0.997 V disrupt the PSII, but limiting the maximum potential to 0.647 V 
keeps the PSII intact.  Peak position versus pH yielded a slope of -30 mV/pH, which 
suggest a 2-electron, 1-proton system; but further studies must be conducted to determine 
where this chemistry is taking place within PSII.   
 
Introduction 
 
 The United States is facing a critical moment in history. In February of 2007, the 
Intergovernmental Panel on Climate Change (IPCC) confirmed with over 90 percent 
assessed likelihood that global increase in temperature is caused by human activity 
(Environmental Protection Agency (EPA), 2008). The report details a series of 
consequences this increase may have on our planet, including negative effects on health, 
the environment, agriculture, food supply, forests, ecosystems, biodiversity, coastal 
zones, sea level, water resources, energy production, public lands, US Regions, and Polar 
Regions. The report also warns of extreme events that may occur more frequently if 
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temperature continues to increase, such as more lethal heat waves and an increased 
number of tropical cyclones per year (EPA, 2008). In October 2007, the IPCC and former 
Vice President Al Gore received the Nobel Peace Prize for their work on climate change 
(EPA, 2008).   
 The “human activity” that led to climate change is the burning of fossil fuels as a 
source of energy. Fossil fuels, including coal, natural gas, and oil, provide 85% of energy 
consumed, two-thirds of electricity, and 99% of transportation fuels (DOE, 2008). When 
burned, these fuels release the greenhouse gas CO2, carbon dioxide, into the atmosphere. 
There, the molecules absorb infrared radiation released by the earth and re-direct some of 
this energy back towards the earth‟s surface, causing the earth‟s temperature to increase 
(EPA, 2008). This natural greenhouse gas effect sustains a temperature that allows life to 
exist; however since the industrial revolution the amount of greenhouse gases in the 
atmosphere has increased, thus increasing the greenhouse effect and threatening to 
substantially increase global temperature (EPA, 2008).  
 There are other concerns about the use of fossil fuels besides their impact on the 
environment.  Foremost among these is the unarguable fact that fossil fuels exist only in 
finite quantities, and will one day be exhausted as a growing world population 
continually consumes more energy. “Peak oil” is a phrase used to describe the time at 
which the rate of fossil fuel extraction from the earth is at a maximum, after which point 
the rate of extraction will forever decrease. Comprehensive studies on peak oil have 
concluded that the exact time of peak oil is difficult to determine, but many experts 
believe it will happen within 20 years, and without timely mitigation the political, social, 
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and economic costs that coincide with peak oil will be unprecedented (Hirsch et al., 
2005).    
 Given the threats of climate change and peak oil, it is critical that the United 
States shift from carbon-emitting, nonrenewable fossil fuels to clean and renewable 
sources of energy. Renewable energy comprised only 7% of the nation‟s energy supply in 
2007, which was up from 1% in 2003. Of the 7% in 2007, biomass comprised 53%, 
hydroelectric comprised 36%, geothermal and wind each comprised 5%, and solar 
contributed only 1% (DOE, 2008).  
 Perhaps the most striking part of the renewable energy data is just how little solar 
energy is used.  The energy from the sun that strikes the earth in an hour (4.3x10
20
 J) is 
greater than the amount of energy consumed in an entire year: approximately 4.1x10
20
 J 
(Lewis et. al., 2006).  If this is the case, one wonders why more solar energy is not 
utilized. There is essentially one problem with solar energy: creating an efficient and 
cost-effective means of storing it (Balat, 2006). Consequently, an efficient means of 
storing solar energy must be adopted before costs can be reduced and solar energy can be 
widely used. There is therefore a substantial amount of research being conducted to find 
the most efficient storage method, including thermal techniques, phase change materials, 
heat storage, underground thermal energy systems, and the storage of hydrogen as a 
metal hydride (Demirbas, 2006). Other methods include batteries, pumping water uphill, 
and the use of fuel cells to release energy (Lewis and Nocera, 2006). Much larger scale 
plans even suggest storing solar energy as compressed air in underground chambers 
(Zweibel et al., 2008).    
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 One of the most promising methods of solar energy storage lies in the realm of 
biochemistry. Photosynthetic bacteria and green plants have been chemically storing 
solar energy for billions of years, providing an attractive model for our own efforts. The 
overall equation for oxygenic (oxygen-producing) photosynthesis is given below: 
2xCO2 + 2xH2O + sunlight → xO2 + [CH2O]2x 
where [CH2O] is the general formula for carbohydrate, the high-energy form of 
biologically-available carbon which provides the energetic basis for life on earth. There 
are in fact two stages of oxygenic photosynthesis: the light reactions and the dark 
reactions. Each of these stages itself comprises many individual chemical steps, each 
catalyzed by a particular enzyme. In the light reactions, light from the sun is used to 
oxidize H2O (water) to O2 (dioxygen gas), reduce NADP
+
 (nicotinamide adenine 
dinucleotide phosphate) to NADPH (nicotinamide adenine dinucleotide phosphate-
oxidase), and generate ATP(adenosine triphosphate) from ADP (Adenosine diphosphate) 
and Pi (free phosphate).  In the dark reactions, the energy and electrons stored in NADPH 
and ATP made in the light reactions are used to reduce CO2 to carbohydrate via the 
Calvin Cycle.  
Much of the interest in photosynthesis is directed at the light reactions, where 
solar energy is first transduced to chemical energy. The very first step in this 
photochemical sequence is of particular importance, since it provides the original source 
of electrons to be energized and used to reduce CO2 to carbohydrate. This is the „water-
splitting‟ half-reaction, in which sunlight is used to oxidize („split‟) water into dioxygen 
gas (O2), hydrogen ions (protons), and electrons (see equation 1 below).  
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2H2O(l)  + 4 photons  O2(g) + 4H
+
 + 4e
-
   (1) 
 If such an oxidation could be efficiently replicated in the laboratory, those 
electrons and protons might be combined to make dihydrogen gas (see equation 2 below), 
providing mankind with a renewable and non-polluting source of hydrogen fuel for use in 
fuel cells and the rest of the currently hypothetical „hydrogen economy.‟ 
4H
+
 + 4e
-
  2H2(g)   (2) 
 The design of a water-splitting photochemical catalyst is therefore of considerable 
importance in easing our dependence on fossil fuels in the medium to long term. Besides 
PSII, colbalt-based oxygen evolving catalysts are also being studied to gain more insight 
about water-splitting (Lutterman et al., 2009).  
The enzyme responsible for catalyzing the water-splitting reaction is called 
photosystem II (PSII). PSII, an integral membrane enzyme, photooxidizes water and 
passes those electrons to two plastoquinone (PQ) molecules, which are each reduced by 
two electrons to plastoquinol (PQH2). PSII is also responsible for transporting protons 
across the membrane, thereby storing some of the light energy in the form of a proton 
gradient. In higher plants and algae, PSII transports 4H
+ 
from the stroma (the cytoplasm-
like interior of chloroplasts) to the lumen (a series of internal membranes within the 
chloroplast). Thus, the overall reaction catalyzed by PSII is:  
4H
+
stroma + 2H2O + 2Q + 4 photons → O2 + 2QH2 + 4H
+
 lumen 
Photosystem II is a homodimer and has a total molecular weight of about 650 kDa. Each 
monomer has around 20 subunits. PSII contains chlorophyll cofactors used to capture 
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light energy. There are two central core subunits in PSII: D1 and D2, which are quasi-
symmetrical and together provide most of the ligands to the redox cofactors. One of these 
cofactors, the oxygen-evolving complex (OEC), contains 4 manganese ions and one 
calcium ion arranged in a 3-D structure that is still disputed (McEvoy and Brudvig, 
2006). Two water molecules then bind to this manganese-calcium cluster, the water 
molecules are split, and electrons pass to tyrosine Z, followed by chlorophyll P680, 
pheophytin, QA and ultimately QB, the loosely-bound plastoquinone molecule which, 
upon reduction and protonation, diffuses out into the membrane. This process causes a 
change in the oxidation state of the Mn4Ca cluster. The 4-electron oxidation of water 
causing the OEC to change from its most reduced state (known as S0) to its most oxidized 
state (S4). During the following S4 S0 transition, O2 is released (McEvoy and Brudvig, 
2006).           
 Although the overall reaction of PSII is known, the exact mechanism of the OEC 
and the electron transfer reactions still remain unknown. As such, many different 
techniques are being used to learn more about the enzyme, including X-ray 
crystallography, inorganic model chemistry, EXAFS, XANES, density function 
calculations, and O-exchange mass spectrometry, among others (McEvoy and Brudvig, 
2006).           
 Although many techniques have been used to study photosystem II, this thesis 
focuses on direct electrochemistry, which allows the protein to be studied in conditions 
similar to those which it experiences in its natural setting. Previously, BBY PSII from 
spinach was placed into a lipid bilayer and its electrochemistry was studied on a graphite 
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electrode (Alcantara et al., 2006). Here, His-tagged PSII from Synechocystis is covalently 
attached to a self-assembled monolayer on a gold electrode, and then a lipid bilayer is 
added.   
For the first time direct electrochemistry was performed on His-tagged PSII from 
Synechocystis using a controlled orientation on a gold surface. Typical oxidative signals 
were positioned at 0.462 V and reductive signals at 0.363 V. The peak height versus scan 
rate relationship was found to be linear, indicating adsorption. It was found that high scan 
potentials up to 0.997 V disrupt the PSII, but limiting the maximum potential to 0.647 V 
keeps the PSII intact.  Peak position versus pH yielded a slope of -30 mV/pH, which 
suggest a 2-electron, 1-proton system; but further studies must be conducted to determine 
where this chemistry is taking place within PSII.   
Experimental Methods 
 All chemicals were purchased from Sigma Aldrich, except where noted.  
Assembly of Faraday Cage and Electrochemical Cell 
 The apparatus used is shown in Figure 1 and a diagram is shown in Figure 2.  As 
seen, a glass cell (Terri Adams, Oxford, UK) was placed inside a Faraday cage and 
stabilized with a ring stand and clamp. The purpose of the metal Faraday cage was to 
block electric fields from the outside from interfering with the internal apparatus. A water 
circulator was attached to allow cooling to 4 C. An Ag/AgCl2 reference electrode was 
placed in 0.1 M NaCl.  The working gold electrodes were lowered into the appropriate 
buffer or solution for each experiment. The auxiliary electrode was a piece of platinum 
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wire inserted into the cell near, but not touching, the gold electrode.  The ground was 
attached to the outside of the cage.    
Figure 1.  Inside the Faraday Cage and Potentiostat Apparatus  
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Figure 2. Diagram of Cell and Apparatus  
 
 
 
 
 
 
 
 
The cage was closed and clamped when scans were taken. This is shown in Figure 3. 
Figure 3. Closed Faraday Cage and Potentiostat Apparatus 
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Voltammetry Methods 
 
 The potentiostat used was an Autolab Version 4.9. Cyclic voltammetry was used 
for each experiment. The Ag/AgCl2 reference electrode was purchased from BASi and 
gold electrodes from BAS. Baselines were subtracted using UTILS (Dirk Heering) and 
all potentials were corrected to hydrogen (SHE).   
  
Cleaning the Gold Electrodes 
 
 Between experiments, the gold electrodes were rigorously cleaned following the 
procedure of Gyepi-Garbrah and Silverova, 2001. The electrodes were polished with an 
alumina slurry using cotton balls and Q-Tips. After rinsing, excess slurry was removed 
by briefly placing the electrode in an ultra-sonification bath. Linear sweep voltammetry 
of the electrodes were run in 0.5 M aqueous KOH that had been de-aerated with argon 
gas from 0.0 V to -1.2 V. The purpose of this step was to remove thiol from the electrode, 
therefore this step was repeated until the thiol peak between -0.8 V and -1.2 V was no 
longer visible. The disappearance of the peak typically took 3-5 scans. Afterward, linear 
sweep voltammetry was run on the electrode from 0.0 V to 1.4 V in 0.1 M H2SO4.  This 
step completely oxidized the electrode, and after this process the electrode could be 
stored in the air until the self-assembled monolayer was ready to be added.  
Preparation of the electrode with His-tagged PSII and a lipid bilayer 
 The self-assembled monolayer was prepared following closely the procedure of 
Ataka et al., 2004. The gold electrodes were first soaked in absolute ethanol for about 10 
minutes to reduce the oxidized gold surface to pure gold. The bare gold electrode was 
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then soaked in 1 mg/ml dithiobis(succinimidylpropionate)(DTSP) in DMSO for about 2 
hours. The disulfide bridge in DTSP spontaneously breaks and the sulfur covalently binds 
to the gold electrode. Afterward, the electrode was rinsed with pure DMSO and allowed 
to dry in the air. To speed the drying of the DMSO, the liquid on the periphery of the 
metal surface was gently soaked up with a Kim Wipe, which then removed the DMSO 
from the gold surface through capillary action.  
 After this, the gold electrodes were placed in an aqueous solution of 150 mM 
N
‟
-N
‟‟
-bis(carboxymethyl)-L-lysine (ANTA) in 0.5 M K2CO3 buffer (pH 9.8) for 
about 2 hours.  The amino group of ANTA reacts with the DTSP to form a carboxamide 
linkage. After this, the electrode was rinsed with ultra pure water. Finally, the electrode 
was soaked in 50 mM NiSO4 to ligate the Ni
2+
 to the tertiary amine of ANTA. This 
particular soaking step could range from 15 minutes to overnight depending on the time 
available in the lab.   
 For each soaking step above, the electrodes were placed in a small plastic 
container with approximately 500 L of solution. The electrodes were attached to a screw 
clamp to allow the metal surface to freely float in solution. This apparatus is shown in 
Figure 4.   
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Figure 4. Apparatus for soaking gold electrodes in solutions  
  
 
 
 
 
 
 
 
 
 
  
After soaking the electrodes in NiSO4 , the electrodes were rinsed with ultra pure 
water and 1 L of His-tagged PSII (a gift of Gary Brudvig, Yale University) was applied 
to the electrodes in dim green light.  The electrodes were then placed on a clamp in a 
container that was covered in foil to exclude light and allowed to dry in the fridge 
overnight. This foil apparatus is pictured in Figure 5.  
Figure 5. Foil box that the electrodes dried in  
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Following the overnight drying in the fridge, the electrodes were soaked in 
500 L of detergent destabilized lipid vesicles (liposomes) of di-myristoyl-
phosphatidylcholine (DMPC) for approximately 2 hours in the dark using the same set-up 
as Figure 3.  After this, 5-10 macroporous Bio-Beads (SM2 from Bio-Rad) were added to 
the plastic containers to remove the detergent. The holder (shown in Figure 3) was placed 
in a large plastic container and covered with foil. This was placed on an orbital shaker at 
50 rotations per minute for about an hour to allow the biobeads to soak up the detergent. 
This experimental apparatus is shown in Figure 6.  
Figure 6. Biobead container on Orbital Shaker  
 
 
 
 
 
 
 
 
 
After this step, the electrodes were ready for various tests on the potentiostat. 
Figure 7 summarizes the reactions that took place to prepare the gold electrode up until 
protein attachment. Note here that the protein depicted is His-Tagged Cytochrome c 
Oxidase, not His-Tagged PSII.   
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Figure 7. Summary of reactions to attach His-tagged PSII to gold electrode (Ataka 
et al., 2004) 
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Experiments, Results and Discussion 
Trial with CuSO4 
 Before the experiment was performed with the enzyme PSII, the redox-active 
metal copper was used to determine if a signal was obtainable with the self-assembled 
monolayer. The standard procedure was performed, except after the electrode had been 
soaked in the 150 mM ANTA solution it was placed it in 50 mM CuSO4 instead of 50 
mM NiSO4. A blank was taken before the CuSO4 step. As seen in Figure 8, the presence 
of CuSO4 generated visible peaks, which are shown with the baseline subtracted in Figure 
9.  
Figure 8. Scan before (Blank) and after soaking in CuSO4 
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Figure 9.  CuSO4 Peaks 
 
 
Here the oxidative reaction is Cu
+ 
 Cu
2+
 + e
-
 and the reductive reaction is Cu
2+
 + e
-
  
Cu
+
. The oxidative peak position is at 0.479 V and the reductive peak position is at 0.342 
V, and therefore the reduction potential is 0.411 V. The known standard reduction 
potential is 0.161 V,  (Harris, 2007). The difference between the literature value and the 
observed value is due to the presence of the self-assembled monolayer between the gold 
electrode and the copper.  However, the presence of significant oxidative and reductive 
peaks indicated that the attachment of a metal to a self-assembled monolayer on a gold 
electrode was possible and the experiment could continue using nickel.  
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Full Procedure with PSII and Biobeads 
 After obtaining a signal with copper the procedure outlined in the materials and 
methods section was followed. Figure 10 shows a typical PSII signal with a blank that 
was taken right before the PSII was added, after the NiSO4 step.   
Figure 10. PSII Signal with Blank (through NiSO4 step) in 25 mM MES, 20 mM 
CuSO4, 5 mM MgSO4, 0.1 M NaClO4, pH 6.0  
 
Control Without Nickel 
 To confirm the nickel was required to obtain a PSII signal, a test was performed 
where one electrode was not placed in NiSO4 and the protein was added directly after the 
ANTA step. As seen in Figure 11, a PSII signal was not obtainable without the nickel 
step. This control indicates that the His-tagged PSII is covalently attaching to the nickel 
as hoped for.  
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Figure 11. No Nickel Control  
 
Reproducibility of Signal 
 The procedure outlined in the materials and methods section was finalized after 
various trials and errors, and ultimately the signal became reproducible. Figure 12 shows 
a typical PSII signal. As seen, the oxidative peak position is 0.462 V and the reductive 
peak position is 0.363 V.  
Figure 12. Typical PSII Peaks 
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Scan Rate Dependency at pH 6.0 
 After a reproducible PSII signal was obtained, a scan rate dependency test from 
10 mV/s to 1000 mV/s was performed at pH 6.0.  The scan rate versus the peak height for 
both the oxidative and reductive peaks were graphed and are shown in figures 13 and 14, 
respectively. In both cases the lines are linear, indicating adsorption and not diffusion. 
Figure 13. Peak Height vs. Scan Rate (pH 6.0 Oxidative Peak)  
 
Figure 14. Peak Height vs. Scan Rate (pH 6.0 Reductive Peak) 
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Increasing Potential Test 
 During the scan rate dependency test it became apparent that the PSII signal was 
dramatically changing character. As seen in Figure 15, the scan rate peaks at 0.01 V/s 
look different before and after the scan rate test was performed.   
Figure 15.  0.01 V/s Peak Change During Scan Rate Dependency Test  
 
As seen, the 0.01 V/s oxidative peak became much larger and distorted after the scan rate 
dependency test, suggesting degradation of the PSII SAM on the gold electrode and 
making the data unusable. Three theories were proposed for this deterioration: the high 
maximum potential of the scans, degradation due to time, and degradation due to 
increasing the scan rate.   
 A test was performed where the maximum potential of each scan was increased 
by 0.05 V from a range of 0.647 V to 1.197 V vs SHE, and then returned to 0.647 V. As 
the potential increased the potentiostat displayed broader peaks, and as shown in Figure 
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16, the second 0.647 V max scan was fundamentally different than the first, which 
confirmed that increasing the potential of the scan did disrupt the SAM and PSII. From 
this point forward, all scans were taken to a maximum of 0.647 V vs SHE. Thus, the high 
max potential of 0.997 V in the previous scans disrupted the SAM and PSII.  
Figure 16. 0.647 max vs SHE signals before and after increasing potential test 
 
pH Dependency 
 A pH dependency test was performed from pH 6.0 to pH 9.0.  During 
experimentation the pH level was not sequentially changed; for example: from 6.0 to 8.5 
and then to 7.0. This provided a control in case pH increase itself disturbed the PSII.  
Figure 17 shows the baseline-subtracted data for pH 6.0, 7.5, and 9.0. As seen, pH 
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indicated that the SAM and PSII were time-stable for the duration of the experiments that 
were being performed.  
Figure 17.  Baseline-subtracted pH dependency signals 
 
The average peak position was determined for each pH by subtracting non-Faradaic, 
background current using the Utils program (Dirk Heering). This data is shown in Figure 
18. 
Figure 18. Average Peak Position for pH Dependency 
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As seen, the slope is -30 mV/pH. Generally, the following reaction is taking place as the 
pH changes: 
 
Where Ox is an oxidized species, y is the number of electrons, and Red is a reduced 
species. By applying this relationship to the Nernst equation, the following relationship 
emerges: 
 
where the term “ ” is equal to the gradient of the line, y is the number of 
electrons, and n is the number of protons. Given this relationship, a 1e
-
, 1H
+
 reaction 
would generate a slope of -55 mV/pH; while a 2e
-
, 1H
+
  reaction would generate a slope 
of -27 mV/pH. Since the observed slope for PSII is -30 mV/pH, this suggests 2 electrons 
are needed to move one proton. Upon applying this information to subunits in PSII, it 
becomes difficult to assign where exactly this chemistry is taking place. Possibilities 
include the QA→QB reaction (which involves 2 electron chemistry), and cytochrome b559, 
which involves a 1-electron reaction but has a higher reduction of 370-435 mV (Stewart 
and Brudvig, 1998). Further, the discrepancy between the -27 mV/pH ideal situation and 
the -30 mV/pH observed PSII situation suggests a complex interaction where the 
electrons and protons may be moving to different parts of the protein. Thus, further 
experiments must be conducted to determine what causes this observed pH relationship, 
such as isolating the b559 subunit and performing electrochemistry on it alone.  
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Conclusions 
 For the first time direct electrochemistry was performed on His-tagged PSII from 
Synechocystis using a controlled orientation on a gold surface. Typical oxidative signals 
were positioned at 0.462 V and reductive signals at 0.363 V. The peak height versus scan 
rate relationship was found to be linear, indicating adsorption. It was found that high scan 
potentials up to 0.997 V disrupt the PSII, but limiting the maximum potential to 0.647 V 
keeps the PSII intact.  Peak position versus pH yielded a slope of -30 mV/pH, which 
suggest a 2-electron, 1-proton system; but further studies must be conducted to determine 
where this chemistry is taking place within PSII.   
 Future studies should be conducted to determine if the PSII is actually natured on 
the gold surface.  Electrochemistry can be performed on isolated subunits from PSII to 
determine if the signal seen by PSII is caused by a specific subunit. Site directed 
mutagenesis can be performed to change the environment of specific sites within the 
protein, and PSII can be exposed to light to determine the catalytic properties of PSII.   
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CHAPTER II 
Purification of His-tagged Photosystem II from a 10-L inoculation of the photosynthetic 
bacteria Synechocystis PCC 6803 
 
Abstract 
 The purpose of this study was to successfully inoculate 10-L of Synechocystis 
PCC 6803, to purify his-tagged Photosystem II from the cyanobacteria, and to run a 
Western Blot on the purified protein to prove it had been isolated. Inoculation of 
Synechocystis PCC 6803 was successful in the first trial, yielding a forest green culture 
with an OD730 of 0.9215 after 3 days. During purification of PSII the samples were 
destroyed in the ultracentrifuge, and the process was restarted. During a second 
inoculation the cells became a beige green color with an OD730 of 0.9077 after 7 days, 
proving the cyanobacteria was not healthy and could not be used for PSII purification. 
Given the unsuccessful results from the first two trials, his-tagged PSII could not be 
isolated and the Western Blot was not performed.  
Introduction 
With concerns about climate change and peak oil increasing, research in 
renewable energy is becoming more prevalent. There is interest in photosynthesis 
because this process holds the power of splitting water with sunlight into hydrogen and 
oxygen. If photosynthesis could someday be reproduced in the laboratory, hydrogen gas 
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could be generated with the use of a water-oxidizing catalyst and a proton-reducing 
catalyst, such as a hydrogenase.  
Photosystem II (PSII), shown in Figure 1, is an enzyme in photosynthesis 
responsible for photo-oxidizing two water molecules to produce one dioxygen molecule 
in the light reactions. The overall reaction catalyzed by the enzyme is:  
4H
+
stroma + 2H2O + 2Q + 4 photons → O2 + 2QH2 + 4H
+
lumen 
PSII is a homodimer, contains 24 proteins, and has a total molecular weight of about 650 
kDa. A summary of the psb genes associated with PSII and the subunits they code for are 
shown in Table 1. PSII contains chlorophyll cofactors used to capture light energy.  There 
are two core subunits in PSII: D1 and D2, which are quasi-symmetrical and together 
ligate the redox cofactors. One of these, the oxygen-evolving complex (OEC), contains 4 
manganese ions and one calcium ion arranged in a 3-D structure that is still disputed. 
Two water molecules then bind to this manganese-calcium cluster, the water molecules 
are split, and electrons are sent to a tyrosine Z, followed by chlorophyll P680, pheophytin, 
QA, and ultimately QB. This process causes a change in the oxidation state of the Mn4CA 
cluster, causing the OEC to shift from its most reduced state at S0 to its most oxidized 
state at S4. During the following S4→S0 transition, O2 is released.  
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Figure 1. Photosystem II. The black cluster near the top indicates the 6 Histidine 
molecules added in the mutagen (Source: Dr. James Mcevoy, Regis University) 
 
 
 
 
 
 
 
 
 
 
  
Although the overall reaction of PSII is known, the exact mechanism of the OEC 
and the electron transfer reactions still remains unknown. As such, many techniques are 
being used to learn more about the enzyme, including electrochemistry techniques by Dr. 
James McEvoy and his research students at Regis University.  
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 To study PSII, the enzyme must be isolated and purified. Currently there are 
methods to isolate PSII from spinach and the cyanobacteria Synechocystis (Carpentier, 
2004). Of particular interest is the isolation of His-tagged PSII from Synechocystis PCC 
6803, which allows for attachment of the enzyme onto a gold electrode for 
electrochemical studies (as seen in Chapter I) and detection with an anti-his antibody on a 
western blot.  
 Synechocystis PCC 6803, shown in Figure 2, is metabolically diverse as it can 
grow photoautrophically, photoheterotrophically, organoheterotrophically, and 
anaerobically. Therefore, the environmental conditions influence the metabolism of 
Synechocystis, and thus the amount of Photosystem II present in each cell. Synechocystis 
PCC 6803 was the first phototroph to have its complete genome sequenced, which 
opened doors to study the various genetic and biochemical pathways within the organism. 
Synechocystis PCC 6803 are spontaneously transformable, meaning they take isolated 
DNA without having to pre-treat the cells. Once the foreign DNA has been taken up by 
the cell, homologous double recombination occurs efficiently. There are various modes 
of mutagenesis used in Synechocystis PCC 6803, but the most popular is site-directed 
mutagenesis using a circular plasmid from the bacteriophage M13 (Vermaas, 1996).  
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Figure 2. Electron Microscopy Image of Synechocystis  PCC 6308 Source: 
Nature.com  
 
 
 
 
 
 
In this study, a Histidine-tag was added onto the carboxy-terminal of the CP47 
subunit of PSII. This is indicated on Table 1.  The CP47 subunit is essential for the 
function of PSII and is closely associated with the D1, D2, and cytochrome b559 reaction 
center.  The His mutant was created by replacing part of the psbB  gene on CP47 with 
kanamycin, followed by transforming the partial deletion strain with a DNA sequence 
that codes for a hexahistidine sequence before the stop codon. Further, it has been found 
that the addition of the His-tag does not alter the physiological function of the protein and 
also allows for rapid purification of PSII. (Riefler, 1990s)  
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Table 1. Summary of psb genes and subunits of PSII. * Signifies proteins only found in 
plants and algae; ** signifies proteins only found in cyanobacteria. For eukaryotic 
organisms, (c ) signifies genes found in the chloroplast and (n) signifies genes found in 
the nucleus (Barber, 2003). 
Protein Subunit Mass (kDa)  
PsbA ( c ) D1 38.021  
PsBbB (c ) CP47 56.278 His-tagged 
PsbC (c ) CP43 50.066  
PsbD (c ) D2 39.418  
PsbE (c ) a-Cyt b559 9.255  
PsbF (c ) B-Cyt b559 4.409  
PsbG open 7.697  
PsbH (c ) H protein 4.197  
PsbI (c ) I protein 4.116  
PsbJ (c ) J protein 4.283  
PsbK (c ) K protein 4.366  
PsbL (c ) L protein 3.755  
PsbM (c ) M protein 4.722  
PsbN (c ) N protein 26.539  
PsbO (n) 33 kDa protein 20.21  
PsbP (n) 23 kDa protein 16.523 
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Materials and Methods 
The protocol by Dmitrii V. Vavilin found in “Photosynthesis Research Protocols,” 
Methods in Molecular Biology. Vol 274, edited by Robert Carpentier in 2004 was closely 
followed. A notable exception is only 10 L of bacteria was inoculated instead of the 
recommend 20 L.  A flowchart of the procedure is below.  
Step 1: The following Solutions were prepared: 
Trace Minerals                                   
H3BO3 Borid Acid (46.3m                    
MnCl2 Maganous chloride (9.15 mM) 
ZnSO4 Zinc Sulfate (772 µM) 
H2MoO4 Molybdic acid (1.60 mM) 
 
PsbQ (n) 16 kDa protein 10.236  
PsbR (n) 10 kDa protein 21.705  
PsbS (n) Lhc-like protein 3.849  
PsbT (c ) ycf8 proten 3.283  
PsbT (n)* 5 kDa protein 10  
PsbU** U protein 15.121  
PsbW (n)* W protein 4.225  
PsbX (n) X protein n/a  
PsbZ (n) Z protein n/a  
Protein Subunit Mass (kDa) 
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CuSO4 Cuprid sulfate (316 µM) 
Co(NO3)2 Cobalt nitrate (0.170mM) 
0.25 M Na2EDTA, pH 8.0  
1000X Ferric Ammonium Citrate (6mg/ml) 
1000X K2HPO4 (175 mM) 
100X BG-F PC 
NaNO3  Sodium Nitrate(1.76 M) 
MgSO4 Magnesium sulfate (30.3 mM) 
CaCl2 Calcium chloride (24.5 mM) 
Citric Acid (3.14 mM) 
100mL Trace Minerals 
Correct with H2O to 1 L 
1 M TES-KOH Buffer, pH 8.2 
1000X Na2CO3 (189 mM) 
1 M Glucose 
Step 2: Preparation and pouring of petri plates: 
(note: nutrients present in plates promoted production of PSII in Synechocystis) 
Solution 
5 mL 100 X BG-FPC 
5 mL 1M TES-KOH, pH 8.2 
0.5 mL 1000X Ferric ammonium citrate 
0.5 mL 1000X Na2CO3 
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0.5 mL 1000 X K2HPO4 
1.5 g Sodium thiosulfate 
7.5 g agar 
H2O to 500 mL 
Step 3: Streak Synechocystis PCC 6308 cells onto petri plates. 
Use sterile technique. Allow to incubate under light at 30°C for 5-7 days until cells reach 
maturity (dark green).  
Step 4: Transfer pea-sized sample of cells to 100mL of Liquid BG-11 Medium.  
Allow to grow for 3-4 days under light at 30°C on a shaker.  
Liquid BG-11 Medium-Autoclave for 45 minutes, then add 0.5ml 1 M Glucose 
10 mL 100X BG-FPC 
5 mL 1 M TES-KOH, pH 8.2 
1 mL 1000X Ferric Ammonium Citrate 
1 mL 1000X Na2CO3 
1 mL 1000X K2HPO4 
11.2 µL 0.25 M EDTA 
H2O to 1 L 
Step 5: Transfer Cells to ten 2-L flasks, each containing 1L of Liquid BG-11 
Medium and 5mL glucose 
Allow to shake at 30°C under light for 3-5 days. Take OD730 each day until cells are 0.8-
1.0.  
Step 6: Preparation of Buffers for cell breaking and His-tag PSII Purification 
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(See buffer list below) 
Step 7: Centrifuge cells for 5 min at 6000g.  
Resuspend in 100mL buffer A. Pellet cells by centrifugation for 5 min at 6000g. 
Resuspend cells to volume of 55 mL in buffer A.  
Step 8: Transfer cells to 88mL Bead Bead-Beater chamber.  
Add 55µL of 1M PMSF in DMSO, 1M benzamidine, and 1 M aminocaprioc acid. 
Add 3-4mg of DNase I. Incubate in an ice bath for 10 minutes. Break the cells for eight 
15 second intervals, with 5 minute cooling intervals.  Separate cell hoomogonate from 
beads by decantation.  
Step 9: Spin cells at 3500 rpm to remove unbroken cells from membrane suspension. 
Keep supernatant. 
Step 10:  Pellet thylakoid membranes  by centrifugation at 40,000 rpm for 20 
minutes at 4°C.  Pour off supernatant. Resuspend membranes using Buffer B and repeat 
20 minute spin.  After second spin resuspend thylakoid membranes to 1 mg/mL Chl.  
Step 11: Begin His-Tag Purification  
Add crude extract to drained Ni-NTA agarose in fritted column at equilibrium 
with Buffer E. Adjust total volume to 5mM Im from 2 M stock. Add β-DM to make 
Volbeads = 0.2% (w/v) from 12% stock 
Step 12: Shanke mixture in a capped column at 4°C for 1 hour. 
Step 13: Mount column on stand and wash beads 6 times with buffer E. Nutate 5 minutes 
and drain for each wash.  
Step 14: Elute protein with 3 x 1 bed volume of buffer F 
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Step 15:  Measure volume of collected eluate and adjust to 1 mM EDTA. 
Step 16: Concentrate eluate using Amicon 8400 ultrafilltration cell and YM-100 
membrane under 10psi.  
Step 17: Combine rinses (Buffer D) of membrane with retenate and bring to 
approximately 6mL. Adjust to 5 mM EDTA 
Step 18: Load 3 mL onto each desalting column and allow to drain.  Flush eluate through 
with 4 mL buffer D.  
Step 19: Concentrate eluates in Millipore 4 mL concentrators (100 kDa MWCO) at 2-5 K 
rpm, 4°C for 3-4 hours. 
Step 20: Purification complete! Measure volume of purified PSII using SDS-Page or O2 
evolution.  
Step 21:  Run a western blot on the purified PSII following the procedure in J.L. Betz‟s 
2008 BL427 Laboratory Manual at Regis University using an anti-his antibody.  
 
Results 
Step 3: Streaking the Bacteria 
The bacteria healthily grew on the petri plates and became a dark forest green. This is 
shown in Figure 3.  
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Figure 3. Healthy Synechocystis PCC 6308 on a petri plate 
 
 
 
 
 
 
 
Step 4: Transfer to 100mL Liquid BG-11 Medium 
After 4 days the culture became dark green and was ready to be transferred to the ten 2-L 
flasks.  
Step 5: Inoculation in 2-L Flasks 
OD730 readings were taken each day to monitor cell growth. On Day 1 the reading was 
0.2304, on day 2 the reading was 0.5204, and by day 3 the culture was a healthy dark 
green with a reading of 0.9215. A picture of the flask on day 3 is shown in Figure 4, and 
a growth curve for the culture is shown in Figure 5 with an equation of  y = 0.606ln(x) + 
0.195. 
 
39 
 
Figure 4. Healthy Synechocystis in 2-L flask 
 
 
 
 
 
 
 
 
Figure 5. Growth curve for 2-L flask inoculation 
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Step 10: Ultracentrifugation 
The incorrect tubes were used, causing the tubes to shatter and the membranes 
and supernatant to splatter over the interior of the ultracentrifuge.  Samples from previous 
steps were not saved and the entire procedure was restarted.   
Trial 2: Inoculation of Bacteria 
There was difficulty growing the Synechocystis on the petri plates the second time 
around. One plate unhealthily grew a lime green-colored bacteria; while the other grew a 
dark green colored bacteria. The unhealthy bacteria can be seen in Figure 6.  
 
Figure 6. Unhealthy Synechocystis on a petri plate.  
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The plate that had healthy bacteria was inoculated in 100mL of liquid BG-11 
medium, and like the first trial yielded a dark green solution after 4 days. The cells were 
transferred to ten 2-L flasks and inoculated. OD730 readings were taken each day. Unlike 
the first trial, the cells were not getting progressively greener, and as seen in Figure 7, it 
took 7 days for the cells to reach a reading of 0.9077 with an equation of y = 0.467ln(x) - 
0.003,  after which the cells were still an unhealthy beige green color. The procedure 
could not be continued because the Synechocystis did not grow correctly.  
 
Figure 7. Growth curve for second 10 2-L flask inoculation 
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Ideal results for Western Blot 
 Figures 8 and 9 show the ideal gel and the ideal Western, respectively. In the ideal 
gel the Precision Plus Protein Standard markers appear at 250, 150, 100, 75, 50, 37, 25, 
20, 15, and 10 kDa. The crude extract after cell breakage in lane 2 is a large smear; the 
Thylakoid in lane 3 is a smear but has visibly less protein than the crude; and the PSII 
lane has 24 bands that correspond to the 24 proteins found in Synechosystis PCC 6308‟s 
PSII listed in Table 1.  
 The ideal membrane has the same molecular markers as the ideal gel. Here, the 
anti-his antibody reacted with the his-tagged CP47 subunit, which is 56.278 kDA; an 
therefore the band appears slightly above the 50kDA marker.  
Figure 8. Ideal Gel  
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Figure 9. Ideal Western 
 
 
 
 
 
 
 
Discussion 
 The cell growth for the initial trial became a forest green with OD730 = 0.9215 
after 3 days with a growth equation of y = 0.606ln(x) + 0.195. This is in tune with the 
expected results, which predict a dark green color with OD730 = 0.8-1.0 after 3-4 days. 
The cell growth for the second trial took 7 days to become a beige green with OD730 = 
0.9077 and growth equation y = 0.467ln(x) - 0.003. The significantly slower growth 
equation and discolor for the second inoculation indicates possible contamination of the 
flasks with other microbes.  
 Considering the thylakoid samples were destroyed in the ultracentrifuge in the 
first trial and the cells did not grow in the second trial, Western Blot analysis could not be 
performed. The ideal gel shows successful isolation of PSII in lane 4, with the expected 
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24 protein bands appearing at the sizes indicated in Table 1. The ideal western shows 
successful attachment of the anti-his antibody to the his-tagged CP47 subunit at 56.278 
kDa in the crude, thylakoid, and PSII lanes.  
 In future studies, the entire procedure should be attempted with a smaller amount 
of bacteria to allow for practice. In addition, more care can be used with sterile technique. 
Samples at each stage of the purification process should be saved to allow for some 
degree of Western Blot analysis to be conducted at the end.  
Conclusion 
 Of two trials, inoculation of 10-L of Synechocystis PCC 6803 was successful 
once, yielding an OD730 of 0.9215 and a forest green color after 3 days. Attempts to 
purify PSII were unsuccessful because the thylakoids were destroyed in the 
ultracentrifuge in the first trial; and inoculation of more bacteria was unsuccessful in the 
second trial.  
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